This study aimed to elucidate whether estrogen deficiency would affect the synthesis of an osteocyte-derived factor, sclerostin, in the mesial region of alveolar bone. Eight 9-week-old Wister female rats were ovariectomized (OVX), and the other eight rats were Sham-operated (Sham). After 4 weeks, the interradicular septa of mandibular first molar were embedded in paraffin, and then, were histochemically examined. Sclerostin-positive osteocytes were located in a superficial layer of the mesial region of Sham bone, while the OVX mesial region showed a lesser presence of the sclerostin-reactive osteocytes. There was no significant difference in the distribution of estrogen receptor  and TUNEL-positive cells in either Sham or OVX groups. Meanwhile, the Sham mesial region demonstrated many osteoclasts, but the OVX specimens showed numerous osteoclasts in association with intense immunolabeling of the receptor activator of the nuclear factor kB ligand. Complex meshwork of cement lines was seen consistent with irregularly-distributed osteocytic lacunar-canalicular system in the OVX mesial region, compared with those of the Sham specimens. In conclusion, estrogen deficiency appears to inhibit osteocytes for sclerostin synthesis in the mesial region of the interradicular septum, mediated by accelerated bone remodeling, rather than by directly effecting osteocytes.
INTRODUCTION
Osteocytes are localized within their lacunae, and are connected to each other by means of their cytoplasmic processes through gap junctions [1, 2] . Osteocytes' cytoplasmic processes run through narrow passageways referred to as osteocytic canaliculi, and build up functional syncytia, i.e., the osteocytic lacunar-canalicular system (OLCS) [3] [4] [5] . OLCS have been shown to sense the direction and strength of mechanical stress in bone, and then, affect the communication among osteocytes and between osteocytes and osteoblasts [4, 6, 7] . Alveolar bone, which forms the tooth socket surrounding the roots of teeth, has unique histological properties harmonized with mechanical stress. In rat mandibles, the physiological distal movement of the molars causes continuous bone resorption and bone formation on the mesial and distal regions of the interradicular septum, due to compression and tensile forces.
Although osteocytes in the alveolar bone might sense such mechanical stress and affect bone metabolism, this is still an on-going investigation since mechanical stress is difficult to detect.
Nevertheless, it seems of importance to examine the mesial region of the interradicular septum in order to elucidate the osteocytic function related to bone resorption bearing physiological force.
Osteocyte-derived molecules were recently highlighted because the synthesis of these molecules may reflect osteocytic function responding to mechanosensing, regulation of bone remodeling and so forth. Dentin matrix protein-1 (DMP-1) has been shown to be a bone matrix protein expressed in osteocytes, and has been assumed to play a pivotal role in bone mineral homeostasis, due to its high calcium-binding affinity [8, 9] . Another osteocyte-derived factor, sclerostin, is a glycoprotein encoded by the SOST gene [10] , and was reported to bind the LRP5/6 receptor, thereby antagonizing Wnt signaling and increasing -catenin degradation [11, 12] . Sclerostin has been reported as a negative regulator of osteoblastic bone formation [12] [13] [14] [15] : Sclerostin secreted by osteocytes may pass through the osteocytic canaliculi and inhibit bone-lining osteoblasts. Taken together, osteocytes are not merely resting cells embedded in bone, but appear to be dynamically related to bone metabolism, e.g., by secreting sclerostin.
It is well known that patients suffering from post-menopausal osteoporosis, i.e., estrogen deficiency, show stimulated osteoclastic bone resorption. Likely, alveolar bone showed an increased remodeling [16] [17] [18] [19] [20] [21] , a decrease in bone volume of the mandible [22] and cancellous bone loss in the mandibular condyle [23] . The estrogen deficiency-induced osteoporosis appears to be a result of the binding of the receptor activator of the nuclear factor B (RANK) and RANK ligand (RANKL), as previously reported [24] [25] [26] . RANK is a member of the membrane-associated tumor necrosis factor receptor family located on cell membranes of osteoclasts and their precursors [27, 28] , while RANKL is present on the cell membrane of osteoblast lineages [27] [28] [29] . Recently, Masuki et al [30] reported that osteocytic synthesis of sclerostin was markedly inhibited in long bones of mice lacking osteoprotegerin, a decoy receptor for RANKL inhibiting osteoclastogenesis [31] , and therefore, it seems likely that osteocytes are influenced by estrogen deficiency-induced osteoporosis.
Estrogen deficiency may directly affect osteocytes, because they have been shown to possess the estrogen receptors (ERs) [32] . Two ERs have been identified: α and β, which are distinct proteins encoded by separate genes located on different chromosomes. ERα consists of 595 amino acid residues with a molecular mass of 66 kDa [33] , while ERβ consists of 485 amino acid residues with a molecular mass of 54 kDa [34] , both of which have shown high homology of the amino acid sequence. Braidman et al. reported that ERα among these receptors was expressed in human osteoblasts, and resultant ERα protein was detected in osteocytes, indicating that ER is a major receptor in osteocytes [35] . Therefore, it seems of importance to elucidate whether estrogen deficiency would affect osteocytes by mediating accelerated bone resorption or by a direct effect through their receptors.
In this study, we have attempted to elucidate whether estrogen deficiency would affect the immunolocalization of sclerostin, an osteocyte-derived factor regulating bone remodeling, by examining the mesial region of the interradicular septum in ovariectomized rats, which are subjected to continuous bone resorption. In addition, we attempted to provide histological clues for understanding how estrogen deficiency affects osteocytes on the sclerostin synthesis. Mandibles were removed and immersed with the same fixative for 12 h at 4 °C. Samples were decalcified with 10% ethylenediamine tetraacetic disodium salt (EDTA-2Na) solution.
MATERIALS AND METHODS

Animals and Tissue preparation
The decalcified specimens were dehydrated in ascending alcohol prior to paraffin embedding.
Histological sections of the mandibles were obtained by sectioning in an assumed sagittal plain including proximal and lingual distal roots of the first molar. Specimens were observed under a Nikon Eclipse E800 microscope (Nikon Instruments Inc. Tokyo, Japan).
Light microscopy images were acquired with a digital camera (Nikon DXM1200C, Nikon).
Enzyme histochemistry for tartrate-resistant acid phosphatase (TRAP), and immunohistochemistry for sclerostin, DMP-1, ER, osteopontin and RANKL
Tartrate-resistant acid phosphatase (TRAP) was detected as previously described [36] ; briefly, deparaffinized sections were rinsed with phosphate-buffered saline (PBS) and incubated in a For immunohistochemistry, dewaxed paraffin sections were used for detection of sclerostin, DMP-1 and osteopontin as previously reported [30, 37] . Endogenous peroxidase inhibition was conducted for all sections, and that was the first step in staining unless otherwise stated. For DMP-1 detection, sections were treated with 1g/mL trypsin (Wako Pure Chemical Industries Ltd., Osaka, Japan) for 30 min prior to inhibition of endogenous peroxidase activity. After pre-incubation with 1% bovine serum albumin diluted in PBS (BSA-PBS) for 30 min at room temperature, sections were incubated with rabbit antibody against DMP-1 (Takara Bio Inc., Otsu, Japan) at a dilution of 1: 500 overnight at 4 °C. As with osteopontin detection, the sections were incubated with rabbit anti-osteopontin antisera (Cosmo Bio, Co., Ltd., Tokyo, Japan) for 1 h. For sclerostin detection, the sections were incubated with goat anti-sclerostin (R&D System Inc., Minneapolis, MN) at a dilution of 1:100. These sections were subsequently reacted with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (for DMP-1 and osteopontin; DakoCytomation, Glostrup Denmark) or HRP-conjugated anti-goat IgG (for sclerostin; American Qualex, San Clemente, CA) at 1:100 at room temperature. As with immunodetection of RANKL, the histological sections treated with 1% BSA-PBS were incubated with rat antibody against mouse RANKL (Oriental Yeast Co., Ltd, Tokyo, Japan) at a dilution of 1: 50, and then, reacted with HRP-conjugated anti-rat IgG (Zymed laboratories Inc., South San Francisco, CA).
Regarding immunochemistry of estrogen receptor , ER, the dewaxed paraffin sections were immersed in a solution of 0.01 M Tris-EDTA buffer (pH 9.0) with 0.05% Tween-20 at 65 °C in water bath for 30 min. Thereafter, they were rinsed with 0.05M Tris-HCl (pH 7.6)
supplemented with 1% Tween-20 (washing buffer) for 5 min at room temperature. The sections were incubated with rabbit antibody to ER (DB Biotech, Kosice, Slovak Republic) at a dilution of 1: 100 with the washing buffer for 2 h. After rinsing with the washing buffer, the sections were treated with HRP-conjugated anti-rabbit IgG (DakoCytomation) at a dilution of 1: 100 for 1 h at room temperature.
For visualization of all immunoreactions, diaminobenzidine (DAB) tetrahydrochloride was employed as a substrate. All sections were counterstained faintly with hematoxylene or methyl green, and observed under a light microscope (Eclipse E800, Nikon Instruments Inc.
Tokyo, Japan).
Double staining of ER and cathepsin K, and triple detection of alkaline phosphatase (ALP), TRAP and sclerostin
Regarding double immunostaining for ER and cathepsin K, the sections were subjected to ER detection as described above. They were, then, incubated with mouse anti-human Laboratories) at a dilution of 1: 100 at room temperature. Finally, TRAP detection was conducted on the sclerostin/ALP-labeled sections, as described above.
Silver impregnation
Silver impregnation was performed as previously described [39] . Dewaxed sections were soaked in a 1.5% Protargol-S solution diluted in borax-boric acid (pH 7.4) for 40 h at 37 o C.
After rinsing in distilled water, the reaction was enhanced by an aqueous solution containing 0.2% hydroquinone, 0.2% citric acid and 0.7% nitric silver. After additional rinsing, the sections were reacted for 5 min with a solution of 2.5 % anhydrous sodium sulfite, 0.5% potassium bromide and 0.5% amidol diaminophenol dihydrochloride. They were then treated with 1% gold chloride, and subsequently treated by 2% oxalic acid amidol until the osteocytic canaliculi were stained black.
Quantification of sclerostin-positive osteocytes in the mesial regions of the alveolar bone
In order to quantify the sclerostin-positive osteocytes in relation to the distance from the mesial bone surface, we made an assumed rectangle (240 m in width, 1. reported [40, 41] . The percentage of sclerostin-positive osteocytes in each rectangle was statistically analyzed between the Sham-operated and OVX specimens (n=8 per group).
Detection and Quantification of apoptotic cells positive for TUNEL
For detection of apoptotic cells in the specimens, the "TACS 2TdT-Blue Label In Situ 
RESULTS
Accelerated bone resorption and evenly-distributed DMP-1-positive osteocytes in the mesial region of the OVX interradicular septum
After 4 weeks of OVX, the mesial region of the interradicular septum of the first molar showed an increased population of TRAP-positive osteoclasts, in contrast with that of the Sham-operated specimens (Figs. 1A, 1B) . However, the distal region did not localize so many TRAP-reactive osteoclasts even in the OVX specimens. The interradicular septum showed the evenly-distributed immunoreactivity of DMP-1, a bone matrix protein expressed in osteocytes, throughout the septa in both the Sham-operated and OVX groups (Figs. 1C,   1D ). When observing the mesial region at a higher magnification, the intensity of DMP-1 immunoreactivity of osteocytes was similar between the Sham and OVX groups (Figs. 1E,   1F ). These findings imply that OVX accelerated the osteoclasts' accumulation in the mesial region and that DMP-1 synthesis is not affected by stimulated osteoclast bone resorption.
Reduced sclerostin-immunoreactivity in the mesial region of the OVX specimens
In Sham-operated specimens, triple staining of ALP, TRAP and sclerostin demonstrated little sclerostin in osteocytes closely neighboring the mesial surface, on which several TRAP-positive osteoclasts were localized ( Figs. 2A, 2C) . In contrast, the mesial region of the OVX septa displayed more osteocytes lacking sclerostin-immunoreactivity (Figs. 2B, 2E) .
In the corresponding area, many TRAP-positive osteoclasts and intense ALP-positive osteoblastic cells were seen accompanied with irregularly-resorbed bone surfaces ( Fig. 2E) .
Unlikely, in both the Sham-operated and OVX groups, the inner region of the interradicular septa had many osteocytes with sclerostin-positivity, and the distal regions lacked sclerostin-positive osteocytes merely in the superficial layer (Compare Figs. 2D and 2F) .
In order to clarify the localization of sclerostin-negative osteocytes after OVX, we performed statistical analysis on the quantification of the sclerostin-immunoreactive osteocytes in relation to the distance from the mesial surface (Fig. 2G) . In the Sham group, osteocytes very close to the mesial surface (up to 30m in depth) did not reveal sclerostin-immunoreactivity. When observing the mesial surface toward the distal region, however, sclerostin-positive osteocytes were immediately discernible. In contrast, the OVX septa exhibited no sclerostin-positivity over a broad area, extending to 90 m in depth from the mesial surface (Fig. 2G) . The innermost areas 90 to 240 m distant from the mesial surfaces revealed sclerostin-positive osteocytes, with no significant difference in the index of sclerostin-positive osteocytes between the Sham-operated and OVX groups. Thus, triple histochemical staining and the statistical analysis verified the broad absence of sclerostin-positivity in the mesial region of the OVX interradicular septa.
Immunolocalization of ER and TUNEL-positive osteocytes in the interradicular septa after the OVX
In order to provide clues to whether the reduced sclerostin in osteocytes was directly affected by ER, we next examined immunolocalization of ER/cathepsin K in the Sham and OVX groups. As a consequence, the ER-immunopositivity was detected in the nuclei of osteoblasts, osteocytes and periodontal cells, as well as in cathepsin K-positive osteoclasts in the mesial and distal regions even after the OVX (Fig. 3) . Although ER expression was reported to be reduced in long bones with OVX [42] , there was no apparent difference in the distribution of ER-positive osteocytes in the mesial regions of the Sham and OVX specimens ( Figs. 3E and 3F) . Interestingly, not all osteocytes showed ER-positivity, indicating heterogeneous expression of this receptor. Thus, reduced-sclerostin did not appear to be associated with diminished ER in osteocytes in the mesial region. Other studies suggested a proapoptotic effect of estrogens on osteoclasts and osteoblasts [43, 44] , and therefore, it was necessary to confirm whether the reduced amount of sclerostin would be related to an anti-apoptotic effect by estrogen deficiency. However, our histological examination showed the similar distribution of TUNEL-positive cells in the mesial and distal regions (Figs. 3G-3J) . Consistently, there was no significant difference in the index of TUNEL-positive cells between the Sham and OVX groups (3.28 ± 1.45 vs 2.41 ± 1.2, NS).
Thus, the immunolocalization of ER and apoptotic cells did not change in the OVX alveolar bone.
Increased immunoreactivity of RANKL in the periodontal ligament and complicated meshwork of cement lines in the mesial region of the OVX interradicular septa
Another possibility to reduce sclerostin synthesis in osteocytes appears to be involved in accelerated bone remodeling in the OVX specimens. Therefore, we next examined the immunoreactivity of RANKL, an essential factor for osteoclastogenesis, and as a consequence, OVX periodontal ligaments showed more intense immunolabeling for RANKL compared with that seen in the Sham specimens (Figs. 4A, 4B) . Figs. 4G, 4H) . Taken togerther, it seems likely that accelerated bone remodeling in the OVX mesial region of the interradicular septum caused irregular distribution of osteocytes and their canaliculi.
DISCUSSION
To our knowledge, this is the first report to demonstrate in vivo immunolocalization of sclerostin, an osteocyte-derived factor regulating osteoblastic activity, in the alveolar bone with estrogen deficiency. Our study showed, in the mesial region of the OVX interradicular septum, 1) an increased number of osteoclasts and intense labeling of RANKL, an essential factor for osteoclastogenesis, 2) the broad absence of sclerostin-positive osteocytes, 3) no histological alteration of ER immunoreactivity or apoptotic cells, and 4) stimulated bone remodeling and irregular distribution of OLCS. Literally, irregular OLCS caused by stimulated bone remodeling reduced the synthesis of sclerostin in long bones [30] .
Therefore, accelerated bone remodeling induced by estrogen deficiency, rather than a direct effect through osteocytic ER appeared to inhibit sclerostin-positivity in osteocytes in the mesial region of the interradicular septa. This means that bone remodeling or its participating cells: osteoblasts and osteoclasts, would affect osteocytes for sclerostin synthesis, a new insight on the intercellular regulation -bone remodeling or participating cell-derived regulation of the sclerostin synthesis.
It is well known that OVX stimulates osteoclastic differentiation and subsequent bone resorption in long bones, and also shows the similar effects in alveolar bone [16] [17] [18] [19] [20] [21] [22] .
Consistently, our immunohistochemistry revealed increased RANKL immunoreactivity in the OVX periodontal ligament including many TRAP-positive osteoclasts. However, as shown in Fig. 1 , the distribution pattern of osteoclasts appeared to be unaltered even after OVX-mediated osteoclast differentiation. The compression force that is driven by physiological distal movement of teeth may accumulate osteoclasts on the mesial region after their promoted differentiation by estrogen deficiency. In addition, the complex meshwork of cement lines shown in Fig. 4 implies active bone remodeling, i.e., not only stimulated bone resorption, but also enhanced bone formation by osteoblasts in this region. Thus, the mesial region of the interradicular septa appear to be an appropriate site for examining osteocytic function responding to physiological or stimulated bone remodeling in Sham-operated or OVX rats, respectively.
Our study demonstrated few sclerostin-immunoreactive osteocytes in the broad area of the mesial region in OVX rats, compared with that in the Sham group. Complex meshwork of cement lines broadly distributed in the OVX mesial region appeared to be in agreement with fragmented osteocytic lacunar-canalicular system, referred to as OLCS, in the corresponding region. Masuki et al demonstrated fragmented OLCS by stimulated bone remodeling in mice with osteoprotegerin-depletion, and markedly-reduced synthesis of sclerostin [30] . In our study, the estrogen deficiency induced intense reactivity of RANKL in the mesial region of the alveolar bone, which may provide a similar milieu for osteoclastogenesis as that reported by Masuki et al. Therefore, it seems reasonable that enhanced RANKL by estrogen deficiency would stimulate bone remodeling in the deeper mesial region, resulting in the fragmented OLCS, which inhibits secretion of sclerostin in osteocytes. One may wonder why irregular distribution of OLCS would lead to this type of inhibition. We hypothesized that geometrically regular distribution of OLCS would be functionally efficient for sensing the direction and the strength of mechanical force, and for recognizing cellular activity including bone remodeling. Co-incidently, we have also reported that there were few osteocytes expressing fibroblast growth factor 23, an osteocyte-derived factor regulating serum concentration of phosphate, in the metaphyseal primary trabecules, in which osteocytes were randomly distributed in the irregular canaliculi [39] . Taken together, reduced synthesis of sclerostin in osteocytes appears to be related to actively-remodeled bone featuring irregularly-distributed OLCS.
However, this may raise the question of whether estrogen deficiency would first inhibit the osteocytic synthesis of sclerostin, and thereafter, the reduced synthesis of sclerostin would permit accelerated osteoblastic bone formation and bone remodeling. In order to answer this question, we examined the immunolocalization of the estrogen receptor, ER, which is a major ER [35] , since Lim et al. demonstrated extremely-reduced expression of ERs in cancellous bone after OVX [42] . However, our histochemical study demonstrated no obvious difference in the ER-immunoreactivity in the osteocytes' nuclei of Sham-operated and OVX specimens. This implies that reduced sclerostin was not associated with diminished ER in osteocytes in the mesial region. But, there still remains the possibility that signaling linked to ER would be altered even though the immunolocalization of ER was unchanged. Recently, the proapoptotic effect of estrogens on osteoclasts was reported to be mediated by an increase in Fas ligand production by osteoclasts [44] , and in vitro studies showed that estrogens stimulate Fas ligand expression in osteoblastic cells which are precusors of osteocytes [43] . However, we showed no obvious difference in the number of TUNEL-positive osteoblasts and osteocytes even after the OVX. Therefore, it seems likely that reduced sclerostin in osteocytes is not related to signaling linked to anti-apoptosis by estrogen. In addition, the idea that estrogen deficiency directly reduces sclerostin in all osteocytes could not explain why only osteocytes in the mesial region decreased to synthesize sclerostin. Therefore, it seems reasonable to consider that the local circumstances such as accelerated bone remodeling resulted in the attenuated sclerostin in the mesial region. Taken all together, it seems likely that bone remodeling rather than the direct effect mediated by ER would affect the immunolocalization of sclerostin in osteocytes in the mesial region of the interradicular septum.
CONCLUDING REMARKS
We have demonstrated that estrogen deficiency inhibited sclerostin-synthesis in osteocytes broadly distributed in the mesial region of interradicular alveolar bone, and also provided clues for histological mechanisms in reducing sclerostin-synthesis, which appeared to mediate increased RANKL and consequent stimulated bone remodeling in the corresponding area. 
